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Measurement of Situation Awareness in
Dynamic Systems

MICA R. ENDSLEY,' Texas Tech University, Lubbock, Texas

Methodologies for the empirical measurement of situation awareness are re.
viewed, including a discussion of the advantages and disadvantages of each
method and the potential limitations of the measures from a theoretical and prac-
tical viewpoint. Two studies are presented that investigate guestions of validity
and intrusiveness regarding a querv-based technique. This technique requires that
a simulation of the operational tasks be momentarily interrupted in order to query
operatars on their situation awareness. The results of the two studies indicate that
the query technique is not intrusive on normal subject behavior during the trial
and does not suffer from limitations of human memory, which provides an indi-
cation of empirical validity. The results of other validity studies regarding the
technique are discussed along with recommendations for its use in measuring

situation awareness in varied settings.

INTRODUCTION

In the preceding paper in this issue (Endsley,
1595), I presented a definition and theory of sit-
uation awareness (SA), outlining its role in dy-
namic decision making and establishing =
madel that depicis the relevant factors and un-
derlying mechanisms affecting the process of
achieving 54, In this paper | explore the mea-
surement of operator 5A within particular sys-
lem contexts.

A measure of SA is valuable in the enginsering
design cycle because it assures that prospective
tesigns provide operators with this critical
commodity. For this reason I review various
methods that have been proposed or used for
measuring S4 and address the veracity of each
technique in comparison with standard criteria.
By presenting expariments evaluating the Sipu-
ation Awareness Global Assessment Technique

! Requests for reprints should be seat to Mica R Endaley,
Deparmment of Industrial Engineering, Texas Tech University,
Lubbock, TX 79409,

(SAGAT]), I will establish fts validity for measur-
ing SA. A brief example of the use of the tech-
nigue will be presented, which demonstrates the
type of data the technique generates and its con-
tribution in a display design evaluation effort. In
addition, considerations for the use of the tech-
nigue and its applicability within various sys-
tem domains will be discussad,

5A is 2n understanding of the state of the en-
vironment (including relevant paramerers of the
system). It provides the primary basis for subse-
quent decision making and performance in the
operation of complex, dvnamic sysiems. SA is
formally defined as a person’s “perceprion of the
elements of the environment within a volume of
time and space, the comprehension of their
meaning and the projection of their status in the
near future” (Endsley, 1988, p. 97). At the lowest
level of SA, 2 person needs to perceive relevant
information {Level | SA). Integrating various
pisces of data in conjunction with operator goals
provides an understanding of the meaning of
that information, forming Lavel 2 SA. Based on
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this understanding, future events and sysiem
states can be predicted (Level 3), allowing for
timely and effective decision making. Several
processing mechanisms have been hypothesized
to be related to 34, including attention and
working memory limitations, attention distribu-
tian, current goals, mental models, schemata,
and automaticity (Endsley, {995, this issuc). In
addition to characteristics of individuals, the de-
sign of a system and the operator interface can
alfect SA.

The enhancement of SA has become 2 major
design goal for developers of operator interfaces,
automation concepts, and training progrims in
a variety of fields. To evaluate the degree 1o
which new technologies or design concepts acs
tually improve (or degrade) operator SA, it 15
pecessary to svstematically evaluate them based
on a measure of SA, which can determine those
ideas that have merit and those that have un-
{oreseen negative consegquences, Only in this
way can a design concept's utility be established
in accordance with the design goal,

In addition to evaluating design concepts, a
measure of SA is also useful for evaluating the
effect of training techniques on SA: conducting
studies 1o empirically examine factors that may
affect SA, such as individual abilities and skills,
or the effectiveness of different processes and
strategies for acquiring SA: and investigating
the nature of the SA contruct itsell. (This type of
guantitative measurement—that is, evaluating
an operator’s level of 54 in light of concepts
undar experimentsl evaluation—differs signifi-
cantly from research efforts that seck to directly
assess the processes operators use in acquiring
SA, as discussed by Adams, Teaney, and Paw
[1993, this issue])

Evaluarion of potental design concepis row:
tinely takes place within the context of rapid
proforyping or part-task simulation. Several dif-
ferant methods for measuring SA can be consid-
sred during this tvpe of testing. In addition,
many of these techniques could be used to eval-
wate the SA of operators working with actual
svstems. For the most part. efforis at measuring
SA thus far have been concentrated in the air-
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craft environment; however, most technigues
are also applicable to other domains.

To establish the validity and reliability of an
SA measurement technique, it is necessary to
establish that the metric (a) measures the con-
struct it claims to measure and is not a reflec.
tion of other processes, (b) provides the required
insight in the form of sensitivity and diagnostic-
iy, and (¢) does not substantially alter the con-
struct in the process, which would provide bi-
ised data and altered behaviar. 1n addition, it
would be useful to establish the existence of a
relationship between the measure and other
constructs, as would be predicted by theary. In
this case, the measure of SA shauld be predictive
of performance and sensitive 1O manipulations
in workload and atention. Against these crite-
ria, several potential measurement technigues
will be explored, along with an assessment of
the advantages and disadvantages af each,
Ph_j.'_siaﬂu_gn:d{ Technigues

P00 and other electroencephalographic mea-
curements have shown promise for determining
whether infermation Is registered cognitively,
Although these techniques allow researchers 1¢
determine whether elements in the environment
are perceived and processed by subjects, they
cannot determine how much information re
mains in memory, whether the information is
registered correctly, or what comprehension the
subject has of those elements. For the same red-
sons, eye-tracking devices appear 10 fall shortin
their ability to measure SA as a state of knowl-
edge. Furthermore, these devices do not tell
which elements in the periphery of the subject's
vision are observed, or if the subject has even
processed what was seen. (The devices may be
useful for exploring the processes operators ust
in achieving SA, however, as was recently inves
tigated by Smolensky [1993]) Known physio
logical techniques, though providing useful date
for other purposes, are nat very promising !
the measurement of SA as a state of knowledge

Performance Meastires

In general, performance measures have
sdvantage of being objective and are usua!
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nonintrusive. Computers for conducting sysiem
simulations can be programmed to record spec-
ified performance data automatically, making
the required data relatively easy to collect. How-
ever, several limitations exist in using perfor-
mance data to infer SA.

Global measures. Global measures of perfor-
mance suffer from diagnosticity and sensitivity
problems. If overall operator/sysiem perfor-
mance s the only criterion used for evaluating
design concepts, {mportant svstem differences
can be maosked, despite its being a useful bot-
tom-line measure. Performance measures give
anty the end result of a long siring of cognitve
processes, providing little information about
why poor performance may have occurred in o
given situation (assuming it can be detected re-
liably during testing at all). Poor performance
could oceur from a lack of information, poor
sampling strategies, mproper integration or
projection, heavy workload, poor decision mak-
ing, or action errors, among other factors, many
of which are not SA related. (For a discussion of
the distinction among SA, decision making, and
performance, see the previous Endsley paper in
this issue,)

As stared earlier, overall system performance
is often masked by other factors. In a tactical
aircraft environment, for instance, much of pilot
pecformance is, by nature, highly variable and
subject to the influence of many other factors
besides SA. A new system may provide the piiot
with better SA, but in evaluation testing this
fact can be easily masked by excessive work-
loads. the intentional use of varied tactcs, or
soor decision making if overall mission perfor-
mance is used as the only dependent measure. [t
would be desirable, therefore, to measure 34
more directly.

Fzternal task measures. One tvpe of perior
mance measure that has been suggested in-
volves artificially changing certain information
or removing certain pieces of information from
dperator displavs and then measuring the
amount of time required for the operator to re-
1c1 1o this event (Sarter and Woods, 1291), Aside
frum the fact that such a mampulation is heavily
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intrusive, requiring the subject to undertake
tasks involved with discovering what happened
to the changed or missing data while attempting
to maintain satisfactory performance on other
tasks, this technique may provide highly mis-
leading resulis. It assumes that an operator will
act in a certain way when, in fact, operators of-
ten employ compensating schemes to function
under such circumstances. For instance. if a dis-
plaved aircraft suddenly disappears, the opera-
tor mav assume that equipment has malfune-
tioned. the aircraft was destroved or landed, or
the aircraft's emitting equipment was turned
off. rendering it more difficult to detect (a not
infrequent occurrence). In any case, the operator
may choose to ignore the disappearance, assum-
ing it will come back on the next several sweeps
of the radar, worty about it but not say any-
thing, or put off dealing with the disappearance
until other tasks are complete. Any of these ac-
tions will vield highly misleading results for the
experimenter who expects 54 10 be reflected by
the operator’s overt behavior.

This measurement technique not only has in-
valid assumptions but it alters the subject’s on-
going tasks, possibly affecting attention and thus
SA itself. Anvtime one actificially alters the re-
alism of the simulation, it can fundamentally
change the way the operator conceptualizes the
underlying information (see Manktelow and
Jones, 1987), thus altering both SA and decision
making. In addition. such 2 manipulation would
certainly interfere with any concurrent work-
load or performance measurement undertaken
during testing.

[mbedded 1ask measures. Some information
about SA can be determined from examining
nerformance on specific aperator subtasks that
are of interest. For example, when evaluating an
altitude display, deviations from prescribed al-
tirude levels or time to reach a certain altitude
can be measured. This type of detailed perfor-
mance measure can provide some inferences
regarding the amount of SA that a display re-
veals about a specific parameter. Such measures
will be more meaningful than global perfor-
mance measures and will not suffer from the
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same problems of intrusiveness as external task
measures. Although selecting finite task mea-
sures for evaluating certain kinds of systems
may be gasy, determining appropriate measures
for other svsiems may be more difficult. An ex-
pert system, for instance, may influence many
factors in a global, not readily predicted
manner.

The major limitation of the imbedded task
measure approach stems from the interactive
nature of 5A subcomponents. A system that pro-
vides SA on one element may simultancously re-
duce SA on another, unmeasured element. In ad-
dition, it is easy for subjects to have biased
attention on the issue under evaluntion in a par-
ticular study (e.g.. alttude) if they figure out the
purpose of the study. Therefore, because im-
proved SA on some elements may result in de-
creased SA on others. relving solely on perfor-
mance measures of specific parameters can
yield misleading results.

Researchers need to know how much SA op-
erators have when taxed with multiple, compet.
ing demands on their attention during system
operations. To thisend. a global measure of SA
that simultaneously depicts SA across many el-
ements of interest is desirnble, To improve SA,
designers need to be able to evaluate the entire
impact of design concepts on operator SA.

Subjective Technigues

Self-rating. One simple technigque is to ask op-
erators to subjectively rate theirown SA (e.g..on
a 1-to-10 scale). Researchers in the Advanced
Medium-Range Air-to-Air Missile Operation
Utility Evaluation Test (AMRAAM OUE) study
(McDennell Douglas Aircraft Corporation, 1932)
used this method. Pilot (and overall flight) SA
was subjectively rated by the participantsand 2
trained observer. The main advantages of sub-
jective estimation techniques are low cost and
ease of use. In general, however, the subjective
self-rating of SA has severzl limitadons,

If the ratings are collected during a simulation
trial, the operators’ ability to estimate theirown
S4 will be limired because they do not know
what is really happening in the environment
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(they have only their perceptions af that reality).
Operators may know when they do not have a
clue as 1o what is going on but will probably not
know if their knowledge is incomplete or
inaccurate.

if aperators are asked to subjectively evaluate
S& in a posttrial debriefing session, the rating
may also be highly tainted by the outcome of the
trial. When performance is favorable, whethe:
through good SA or good luck, an operator wil
most likely report good SA, and vice-versa, In
reevaluation of the AMRAAM OUE study, Ven
werine, Hamilton, and Dvorchak (1990) foun
that posttrial subjective SA ratings were highl
correlated with performance, supporting thi
premise. In addition, when ratings are gathere
after the mission, operators will probably be it
clined to rationalize and overgeneralize abo
their SA, as has been shown when informatic
about mental processes is collected after the fa
{Nisbett and Wilson, 1977). Thus detailed info
mation will be lost or misconstrued.

What do such subjective estimates actual
measure? [ would speculate that self-ratings
SA most likely convey a measure of subject
confidence levels regarding that SA—that
how comiortable they feel about their SA. Su
jects who know they have incomplete knowled
or understanding would subjecrively rate the
SA as low. Subjects whose knowledge may r
be any greater but who do not subjectively ha
the same concerns about how much is r
known would rate thelr SA higher. In otl
words, ignorance may be bliss.

Several efforts have been made to devel
more rigorous subjective measures of SA. Tay
(1220) developed the Situation Awareness R
ing Technique (SART), which allows opernt
to rate a system design based on the amoun’
demand on attentional resources, supply of
tentional resources, and understanding of
situation provided. As such, it considers ope
tors' perceived workload (supply and dem:
on attentional resources) in addition to t
perceived understanding of the situation.
thoush SART has been shown to be correls
with performance measures (Selcon and Tay

e
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1990), it is unclear whether this is atribu-
table to the workload or rhe understanding
components,

In a new application, the Subjective Workload
Dominance (SWORD) metric (Vidulich, 1989)
has been applied as a subjective rating ool for
SA (Hughes, Hassoun, and Ward, 1990). SWORD
allows subjects to make pairwise comparative
ratings of competing design conceprs along a
continuum that expresses the degree to which
one concept entails less warkload than the other,
The resultant preferences are then combined us-
ing the analytic hierarchy process technique 1o
provide a linear ordering of the design concepts.
in the Hughes et al. study, SWORD was modi-
led to allow pilots o rate the degree 1o which
presented display concepts provided SA instead
al workload, Not surprisingly, the displav that
was subjectively rated as providing the best 54
using SWORD was the display for which pilots
expressed a strong preference. It is difficult to
ascertain whether subjective preference led 1o
higher SWORD ratings of SA, or vice-versa. Fur-
ther research is needed to determine the locus of
such ratings.

Observer-rating, A second tvpe of subjecrive
rating involves using independent, knowledge-
able observers 10 rate the quality of a subject’s
5A. A wained observer might have more infor-
mation than the operator about what is really
happening in a simulation (through perfect
knawledge gléaned from the simulation com-
puter), The abserver would have limited knowl-
adze, however, about what the operator's con-
cept of the situation is. The only information
about the operator's perception of the situation
wouid come from operator actions and imbed-
ded ar elicited verbalizations by the operator
le.g., from voice transmissions during the course
uf the task or from verbal protocels explicitly
requesied by the experimenter). Although this
xnowledge can be useful diagnesticallv by, for
example, detecting overt errors in SA (stated
misperceptions or lack of knowledge), it does not
provide a complete representation of that
knowledge. The operator may—and, in 2ll like-
lthood, will—store information internally that is
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not verbalized. For instance, a pilat may discuss
efforts o ascertain the identity of a certain air-
crait, but knowledge about ownship system sta-
tus, heading, other aircraft, and soon might not
be mentioned at all. An outside observer has no
way of knowing whether the pilot is aware of
these variables but is not discussing them be-
cause they are not of immediate concern. or
whether the pilot has succumbed to attentional
narrowing and is unaware of their status. As
such, the rating of 5A by outside chservers is
also limited.

A variation en this theme s to use a confeder-
ate who acts as an associate to the operator (eg..
another crew member or air traffic controller in
the case of a commercial aireraft) and who re-
quests certain information from the operator to
encourage further verbalization, as has been
suggested by Sarter and Woods (1991). In addi-
tion to this technique succumbing to the same
limitations encumbering observer ratings. it
may also serve to alter SA by anificially direct-
ing the subject’s attention to certain parame-
ters. Because the distribution of the subject's at-
tention across the elements in the environment
largely determines SA, this method probably
does not provide an unbiased assessment of op-
erator SA.

Quesifonnaires

Questionnaires allow for detailed informarion
about subject SA to be collected on an element-
by-element basis that can be evaluated against
reality, thus providing an objective assessment
of operator SA. This type of assessment is a more
direct measure of SA (ie., it taps into rather
than infers the operator's perceptions) and does
not require subjects or observers to make judg-
ments about situational knowledge on the basis
of incomplete information, as subjective assess-
ments do. In a review of such guestionnaires.
Herrmann {1984) concluded that when percep-
tions can be evaluated on the basis of gbjective
knowledge, this method has been found to have
good validity. Several methods of adminisira-
ticn are possible.

Positese. A detailed gquestionnaire can be




70—March 1995

administered after the completion of each
simulated trial. This allows ample time for sub-
jects to respond to a lengthy and detailed list of
questions about their SA during the trial, pro-
viding needed information about subject per-
ceptions. Unfortunately. peaple are not good at
reporting detailed information about past men-
tal events, even recent ones; there is a tendency
to overgeneralize and overrationalize. Recall is
stilted by the amount of time and intervening
events that ooccur between the activities of inter-
psr and the administration of the questionnaire
(Nisbett and Wilson, 1977). Earlier mispercep-
tions can be quickly forgotten as the real picture
unfolds during the course of events. Therelore. a
positest questionnaire will reliably capture the
subject’s SA only at the very end of the trial.

COn-line. One way of overcoming this defi-
ciency is to ask operators about their SA while
they are carrying out their simulated tasks. Un-
fortunately, this, too, has several drawbacks.
First of all, in many situations the subject will
be under very heavy workload, precluding the
answering of additional questions. Such ques-
tions would constitute a form of ongoing second-
arv task loading that may alter performance on
the main task of operating the system. Further-
more, the questions asked could cue the subject
to attend to the reguested information on the
displays, thus altering the operator's true SA.
An assessment of time to answer as an indicator
of SA is also faulty, as subjects may employ
various time sharing strategies between the
dual tasks of opernting the system and answer-
ing the guestions. Overall, this method will be
highly intrusive on the primary task of system
DP&FE.'LID[I.

Freeze technigue, To overcome the limitations
of Teporting on SA after the [act, several re-
searchers have used 2 technigue in which the
simulation is frozen at randomly selected times
and subjects are queried as to their perceptions
of the situation at the time (Endsley, 1987, 1988,
1989a; Fracker, 1990: Marshak, Kuperman,
Ramsey, and Wilson. 1987). With this technique
the systam displays are blanked and the simula-
tion is suspended while subjects quickly answer
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questions about their current perceptions of the
situation, Thus SA data can be collected imme-
diately, which reduces the problems incurred
when collecting data after the fact but does not
incur the problems of on-line questioning. Sub-
jects’ perceptions are then compared with the
real situation according to the simulation
computer database to provide an objective mea-
sure of SA.

In a study evaluating competing aircraft dis-
play concepts, Marshak et al. (1987) querted sub-
jects about navigation, threats, and topography
using this technique. The resulting answers
were converied to an absolute percentage error
score for each question, allowing scores across
displays to be compared along these dimen-
sions. Fracker (1990}, in another aircraft study,
requested information on aircraft location and
identitv for specifically indicated aircraft in the
simulation. Mogford and Tansley (1991) col-
lected data relevant to an air traffic control task.
In each study, a measure of SA on only selected
parameters was obtained.

The Situation Awareness Global Assessmen!
Technigue is a global toal developed to asses:
SA across all of its elements based on a compre
hensive assessment of operator SA requirement:
(Endsley, 1987, [988, 1990a). As a global mea
sure, SAGAT includes queries about all 5A re
quirements, including Level 1, 2, and 3 compo
nents, and considers system [unctioning an
status and relevant features of the externa
envirgnment.

Computerized versions of SAGAT have bee
developed for air-to-air tactical aircralt (End:
ley, 1990c) and advanced bomber aircraft (Ead
ley, 1989a). These versions allow queries to k
administered rapidly and SA data to be <o
lectad for analvsis. The SAGAT tool features 2
easv-to-use query format that was designed !
be as compatible as possible with subject know
edge representations. An example of 2 SAGA
guary is shown in Figure 1. SAGAT's basic met
cdology is generic and applicable to other typ
of svstems once a delineation of SA requir
ments has been made in order to construct U
gueries.
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Figure 1. Sample SAGAT query

This global approach has an advantage over
probes that cover only a limited number of SA
items, in that subjects cannot prepare for the
queries in advance because queries could ad-
dress nearly every aspect of the situation to
which subjects would normally attend. There-
fore, the chance of subjects’ attention being bi-
ased toward specific items is minimized. In ad-
dition, the global approach overcomes the
problems incurred when collecting data after
the [act and minimizes subject SA bias resulung
from secondary task loading or artificially cuing
the subject’s attentian. It also provides a direct
measure of SA that can be objectively collected
and objectively evaluated. Finally, the use of
random sampling (both of stop times and query
presentation) provides unbiased estimates of
3A. thus allowing SA scores to be easily com-
pared statistically across trials. subjects, and
svstems. The primary disadvaniage of this tech-
nique invelves the temporary halt in the simu-
lation,

1 conducted two siudies 1o investigate wheath-
er or not this imposes undus intrusivensss and
to determine the best method for implementing
this technigue. In the first study 1 wanted 10 spe-
cificatly determine how long after a freeze in the
simulation SA information could be obiained. In

the second study | investigated whether tempo-
rarily freezing the simulation would result in
any change in subject behavior, thus specifically

evaluating potential intrusiveness.
EXPERIMENT |

In determining whether SA information is re-
portable via the SAGAT methodology, several
possibilities must be considered. First, data may
be processed by subjects in short-term memary
{STM). never reaching long-term memory
(LTM). If a sequential information-processing
model is used, then it is possible that informa-
tion might enter into STM and never be stored
in LTM. where it would be available for retrieval
during guestioning. In this case, information
would ot beavailable dunngany SAGAT query
sessions that exceeded the STM storage limita-
tions (approximately 30 s with no rehearsal).

There is 2 good deal of evidence, however, that
STM does not precede LTM but constitutes an
activated subset of LTM (Cowan, 1988; Morton,
185%: Norman, 1968). According to this ype of
moda!, information proceeds directly from sen-
sory memery 1o LTM. which is necessary for pat-
tern recognition and coding. Only those portions
of the environment that are salient are then
highlighted in STM (either through focalized
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artention or automatic activation). This type of
model would predict that SA information that
has been perceived andfor further processed by
the operator would exist in LTM stores and thus
be available for recall during SAGAT querving
that exceeds 30 s.

Second, data may be processed in a highly au-
tomated fashion and thus not be in the subject’s
awareness, Expert behavior can Function in an
automated processing/action sequence in some
cases. Several suthors have found that even
when effortful processing is not used, however,
the information is retained in LTM and is capa-
ble of affecting subject responses (Jacoby and
Dallas, 1981; Kellog. 1980; Tulving, 1985)
The type of questions used in SAGAT—pro-
viding cued-recall and categorical or scalar
respanses—should be receptive to retrieval of
this type of information. In addition, a review of
the literature indicates that even under these
circumstances, the product of the automatic
processes (as a state of knowledge) is available,
even though the processes themselves may be
difficult 1o verbalize (Endsley, 1995, this issue)

Third, the information may be in LTM but not
easily recalled by the subjects. Evidence sug-
gests that when effortful processing and aware-
ness are used during the storage process, recall
is enhanced (Cowan, 1988). SA, composed of
highly relevant, antended to, and processed in-
formation, sheuld be mest receptive 1o recall, In
addition, the SAGAT battery, which requires
categorical or scalar responses, is a cued, as op-
posad to wotal, recall task; thus aiding retrieval.
Under condisions of SAGAT testing, subjects are
aware that they may be asked to report their SA
atany time. This, too, mav aid in the storage and
retrieval process. Because the SAGAT battery is
adminisiered immediately after the freeze in the
simulation, no time for memory decay or com-
peting event interference is allowed. Thus con-
ditions should be optimized for the retrieval of
SA infurmation. Although it cannot be said con-
clusively that all of a subject’s SA can be re-
flected in this manner, the vast majority should
be reportable via SAGAT.

To further investigate this mareer, [ conducted
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a study to specifically determine how long afte
a freeze in the simulation SA information coul:
be obtained. I expected that if collection of §¢
data via this technique was memory limited
this would be evidenced by an increase in error:
on SAGAT queries that eccurred approximatel,
30 to 60 s after the freeze time because of shart
term memory restrictions. (Although this woule
not preclude use of the technique, it would limi
its use by restricting the number of question:
that could be asked at each stop.)

Procedure

A set of air-to-air engagements was conducte:
i a high-fidelity aireralt simulation facility.
fighter sweep mission with a force ratio of tw
{blue team) versus four (red team) was used fo
the trials. The objective of the blue team was v
penetrate red territory, maximizing the kills ¢
red fighters while maintaining a high degree«
survivability, The red team was directed to fl
around their assigned combar air patrol (CAI
points untif a blue target was derected in re
sirspace, The red team was then allowed t
leave its CAP point 1o defend against the hlu
team. In all cases, specific tactics were at th
discretion of the individual pilot teams,

A total of 15 trials were completed by tw
teams of six subjects. At a random point in eac
trial, the simulator was frozen and SAGAT dat
were immediately collected from all six partic
pants. At 2 given stap, all of the queries we
presented once in random order, As this ordi
was different at each stop, each query was pr
sented a variety of times after the stop acro
subjects and trials. Therefore, performance a
curacy on each question could be evaluated as
function of the amount of time elapsed prior !
its presentation. After all subjects had con
plezed the SAGAT battery ar a given stop, a A
trial was begun.

Prer to conducting the study, all subjec
were trained on the use of the simulator, ¢
displays, aircraft handling gualities, ar
SAGAT. In addition to three instructional trai
ing sessions on using SAGAT, each subject pe
ticipated in 18 practice trials in which SAG/
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wits administered. (Most subjects also had re-
ceived a substantial amount of training in the
simulator in the past.) Thus subjects were well
wrained prior to testing,

Faetlities. A high-lidelity, real-time simulation
facility was used for testing. Aircraft control svs-
Tems, avionics systl.'.ms, \\-'Eﬂpﬂﬂﬁ S5Ysiems, clrew
stations, and nir vehicle performance were mod-
eled to provide realistic aircralt control charac-
teristics, A Gould mainframe computer con-
trolled the simulations and drove Silicon
Graphies—generated high-resolution color
graphics displavs. This test used six pilot sta-
tions, each including a simulated head:up dis-
plav, o tactical situation display, radar, and svs-
tem controls operated by a touch sereen or stick
and throttle contral switches, A realistic stick
and throttle provided primary flight control.

Subfects, Twelve experienced former military
{ighter pilots participated in the test. The mean
subject age was 4816 vears (range of 32 1o 68),
Subjects had an average of 3310 h (range 1300-
6500} and an average of 13,3 vears (range 7-28)
of military [light experience. Of the 12 subjects,
7 had combar experience,

Results

Each of the subject's answers to the SAGAT
queries was compared with actual values, as col-
lected by the simulator computer at the time of
each stop. Included in the SAGAT battery at the
time of the test were 26 gueries. Of those, 11
could not be evaluated because the appropriate
simulator data were not available, and 5 could
be evaluated onlv by subjective means. The 10
remaining query answers concerned ownship
heading, ownship location, aircraft heading, air-
craft detections, aircraft airspesd, aircraft
weapon selection, aircraft Gs, aircraft fuel level,
aircraft weapon guantity, and aircraft alvitude,

An crror score (SAGAT query answer minus
acoml value) was compuied for each response.
Absolute ervor scores for each guery (across all
subjects and trials) were plotted azainst the
amount of time elapsed between the stop in the
simulation and the query, and a regression was
calculared: F tests for the regressions and Pear-
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son's 7 for eight of the queries are presented in
Table 1. Two of the queries provided a categor-
ical response; therefore, chi-square tests were
performed and are presented in Table 2.

Mone of the regressions or chi-square tests
computed for each of the 10 queries was signif-
icant (or even close to significant), indicating
that subjects were neither more nor less prone to
response error as the amount of time berween
the simulator freeze and the presentation of the
query increased. A plot of the regression for al-
titude error, shown in Figure 2, reveals little or
no increase in error over ume. {(Plots of the re-
gressions [or the other variables appeared quite
similar.)

Discussion

Based on these data, it would appear that sub-
jects under these conditions were able to pro-
vide information on their SA about a particular
situation for up to 3 or 6 min. The fact thatall 10
of the queries produced flat regressions lends ex-
tra weight to this conclusion.

Two explanations can be offered for these
lindings: First, this study Investigated subjects
who were expert in particular tasks during a re-
alistic simulation of those tasks. The informa-
tion subjects were asked to repart was impor-
tant to performance of those tasks. Most
laboratory studies that predict fairly rapid de-
cay times (approximately 30 s for shor-term
memory) typically emplov the use of stimuli
that have little or no inherent meaning to
the subject (ponsense words or pictures), The

TABLE 1

Tests on Regressions of Time of Query Presentation on
Query Accuracy

Cuery gf = g e

Cwn heading 1189 0.021 O.BBT 0.001
Own iocation 119 098940 0334 0.047
Airgraft heading 1095 0040 0834 0000
G leyal 1,80 4.500 0,480 D.00&
Fuel level 1,85 1180 0284 0012
Waapon guantity 182 040N G.gd1 0.000
Altitugs 186 0002 0965 0.000
Detesluon 1524 0041 0540 0.000
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TABLE 2

Chi-Square Tests of Time Category of Query Presenta-
tion on Query Accuracy

Cuery df x o
Weapon selection & (N = 97} 0.16 >{.985
Airspead SN = 28) 0.13 >0.995

storage and utilization of relevant information
mav be quite different from that of irrelevant
information (Chase and Simon, 1973).

Second, the results indicate that the SA infar-
mation was obtainable from long-term memary
stores, 1f schemata, or other mechanisms, are
used to organize SA information (as opposed 1o
working memory processes anly), then that in-
formation will be resident in long-lerm memary.
Many of the 10 items analyzed can be considered
Level | SA components. The fact that this lower-
tevel information was resident in LTM indicates
that either the inputs to higher-level processing
were retzined as well as the outputs or the Lavel
| components were retained as important picces
of pilot SA and are significant components of
LTM schemata (e.g., targer altitude itself is im-
portant to know and not just its implications)
Hoth of these explanations may be correct.
These findings generally support the predictions
of a processing model in which information
passes into LTM storage before being high-
lighted in STM.

As a caveat, note that subjects were actively
working with their SA knowledge by answering
the SAGAT gueries for the entire period that the
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simulation was stopped. No intervening perio
of waiting or any competing activity was intr
duced prior to administering any SAGAT quer
Subject knowledge of SA information may b i
interfered with if time delays or other activit |
{(particularly continued operational tasks) a

imposed before SAGAT is administered. The m
jor implication of these results is that, und
these conditions, S4 dataare readily obtainab

through SAGAT fora constderable period after
stop in the simulation {up to 3 or & min),

EXPERIMENT 2
|

A second study was initiated to address 1
issue of possible intrusiveness, It is necessary
determine whether temporarily freezing 1
simulation results in any change in subject ||
havior. If subject behavior were altered by s |
a freeze, certain limitations would be indieat
(One might wish to not resume the trial after
freeze, for instance, but start a new trial
stead.) The possibility of intrusiveness
tested by evaluating the effect af stopping
<imulator on subseguent subject performan

Procedure

4 set of air-to-air engagements Was condu:
of a fighter sweep mission with a force rau
two (blue team) versus four (red team). |
training, instructions, and pilot mission of |
tives were identical to those used in Experir |
1. In this study, however, the trial was resu
after a freeze following a specified period fo!
lecting SAGAT data and was continued
specified criteria for completion af the mi
were met. Subjects completed as many qu
as they could during sach stop. The querics
presented in randem order.

Five t=ams of six subjects completed a ful
rmatrix. The independent variables were
tion of the stops (¥, L, or 2 min) and th
quency of stops (1,2, or 3 times during the
Each team participated twice in each of
nine conditions. (In any given trial, mu
stops were of the same duration.) Each
also completed six trials in which no sio
curred as a control condition. Therefore, :
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of 30 trials were conducted for each duration of
stop condition, and a total of 30 trials were con-
ducted for each frequency of stop condition.
These conditions were compared with 30 tnals
it which no stops occurred. Conditions were ad-
ministered in random order, blocked by team.
Pilot performance was collected as the depen-
dent measure.

Facilities. This stedy used the same piloted,
multiple-engagement simulator as in Experi-
ment 1.

Subfects. Twenty-five experienced former mil-
itary fighter pllots participated in this tes:
|Four of the subjects participated on mere than
one team.) The mean subject age was 45,16 years
lrange of 32 1o 68). Subjects had an average ol
15

32 h (range of 975 to 7045) and on average ol
16,9 vears (range of 6 to 27) of military Hight
experience. Of the 25 subjects 14 had combat
experience,

Results

Pilot performance under each of the condi-
tions was analvzed. Pilot performance measures
included the number of blue team kills (red
1eam losses) and the number of blue team losses
ired team kills). Chi-squore tesis were per-
formed on the number of blue team kills, x* (4.
N o= [20) = 5973, p > 005, and blue 1eam
losses, ¥ (2,8 = 120) = 0.05, p > 0.05, compar-
ing between trials in which there were stops 1o
collect SAGAT data and those in which there
were no stops, as depicted in Figures 3 and 4
There was no significant difference in pilot per-
formance on either measure.
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Figure 4. Blue losses: Trals with stops versug trialy
without staps

Analvsis of variance was used 1o evaluate the
effect of number of stops and duration of staps
on e¢ach of the two performance measures: blue
team kills and biue team losses. The number of
stops during the trial had no significant effect an
either pilot performance measure, F(3,116) =
1.73,p> 005 4 = 055, and F(3.118) = 0.20,p
> 0.03, = 0.80, respectively, as shown in Fig-
ures 5 and 6. The duration of the stop also did
not significantly affect either performance mea-
sure, F{3,116) = 216, p > 005, B = 0.40, and
F(3,118) = 0.77, p > 005, B > 0.60, respectively,
as depicted in Figures 7 and 8. In viewing the
data, no linear trend appears to be present in

50

Blue Kills

0 1 2 3
Mumber Of Stops

Figure 3. Blue kifls by numnber of stops m el

™ J
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either case that would indicate a progressively
waorse {albeit nonsignificant) effect of increasing
number or duration of stops. This indicates that
stops to collect SAGAT data (as many as 3 for up
1o 2 min in duration) did not have a significant
effect on subject performance

Disciission

The lack of a significant influence of this pro-
cedure on performance probably rests on the
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Figure 7, Blue kills by durcrign of stops i s,
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fact that relevant schemata are actively used by
subjects during the entire freeze pericd. Under
these conditions, the subjects’ SA does not have
a chance 1o decay before the simulation is re-
sumed (as was indicated by Experiment 1. Thus
SA is fairly intact when the simulation contin-
ues, allowing subjects to procesd with their
tasks where they left off. Subjectively, subjects
did fairly well with this procedure and were able
to readily pick up the simulation at the paint at
which they left off at the time of the fresze,
sometimes with the same sentence they had
started before the stop. On many occasions, sub-
jeets could not even remember if they had been
stopped to collect SA data during the trial, also
indicaring a certain lack of intrusiveness.

Swmmary

The use of a temporary freeze in the simula-
ton to collect SA data is supported by Experi-
ments 1 and 2. Subjects were able to report their
SA using this technique for as long a5 5 or 6 min
without 2pparent memory decay, and the freeze
did not appear to beé fntrusive on subject perfor-
mance in the simulation, allaying several con-
cerns about the technique. Although it is always
difficult to establish no effect of one variable on
another (ie., prove the null hypothesis), it is
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reassuring that the finding of no intrusion on
performance has been repeated in numerous
other studies in which SAGAT was used to
evaluate human-machine interface concepts
{Boistad and Endsley, 1990; Endsley, 1989h:
Northrop, 1988}, if the timing of the stop was
unpredictable to the subjects (Endslev, 1988).
This finding was also repeated in one study in
which pilots flew in a simulation against com-
puter-controlled enemy aircraft (Endslev
1990d). helping to rule out the possibility that
the linding of no effect on performance in the
present study could have been the result of pi-
lots on bath sides of the simulation being
equally influenced,

SAGAT has thus far proven to meet the stated
eriteria for measurement. In addivon 1o the
present studies establishing a level of empirical
validity, SAGAT has been shown to have predic-
tive validity (Endslev, 1990b) and content valid-
ity (Endsley, 1990d). The method is not without
some costs, however, as a detailed analvsis of SA
requirements is required in order 1o develop the
battery of queries to be administered. On the
positive side. this analysis can also be extremely
useful for puiding design efforts.

EXAMPLE

To proffer an example of the tvpe of 54 infor-
mation provided by SAGAT, | will present
a study that evaluateés the use of a thras-
dimensional display for providing radar infar-
mation to fighter pilots. The study was con-
ducted in the same high-fidelity, real-time
stimulator as in the prier two experiments. Dur-
ing the study, each of six experienced pilot sub-
jects Hlew a fighter sweep mission againsta field
af four digitally controlled enemv aircraft. Each
subject completed five trials in each of five dis-
plaw conditions. The initial starting conditions
and order of presentation of the display condi-
tians were randomized. Each trial was halted 1o
collect SAGAT dara at a randomly selected time,
hetween 2.5 and 3 min into each tral. Immedi-
ately following the collection of SAGAT darta. the
Subjective Workload Assessment Technigue
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{SWAT) was also administered. In this study, the
trizl was not resumed after the collection of
SAGAT and SWAT daza.

The five display conditions were constructed
to evaluate the effect of a three-dimensional (3D)
display concept. The 3D display provided a grid
representing the ground, above which aircraft
targets detected by the radar were presented by
a small triangle, pointing in the direction of the
aireraft’s heading and connected to the grid bya
line corresponding to the aircraft’s altitude. The
plane the subject was flving was presented in
the center of this display so that each target's
location and altitude were spatially represented
relative 1o the subject’s ownship. Four rotations
of the grid (0, 30, 45, and 60 deg) were investi-
gated {each providing a different perspective on
the scene), as shown in Figure 9. At O-deg rota-
tion, the grid portraved a God's-eve view of the
scene, thus depicting a traditional twao-
dimensional display. In addition, these four
views were compared with a two-display config-
uration in which a God's-eye view display was
supplemented with a second profile display that
pictorially presented altitude. In all conditions,
alutude of the aircralt was also presented nu-
merically next to the aircraft symbols.

Following the trials, the collected SAGAT and
SWAT data were analyzed. Although the final
SAGAT battery for fighter aircraft has 40 queries
{(Endsley, 1990¢), only 23 were administered at
the time of the test (as the battery was sdill in
development). The results of 4 pertinent queries
are presented here. The subject’s reported
knowledge of the range, azimuth, altitude, and
heading of the enemy targers was compared
with the actual values of these elements at the
time of the freeze in the simulation. The sub-
ject’s perceptions were evaluzied as correct or
incorrect (using tolersnce values that had been
determined 10 be operationally relevant).

The percentage correct across subjects for
each condition on each of these four queries is
shown in Figure 10. As the scored data are bino-
tnial. an aresine transformation was applied and
an ANOVA performed. The results showed that
the display type had a significant efect on pilot
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Figure 9. Two-dimensional displav and three-dimensional display at four levels of rota-

{1on.

SA of the aircraft's range, F(4,298) = 2573, p <
0.05; azimuth, F{4,278) = 4.123, p < 0.05; and
heading, F{4 139) = 3.040, » < 0.05: but not al-
titude, F{4,94) = 1.33. p > 0.05. The 3D display,
when rotated a1 43 or 80 deg, providad signifi-
cantly lower 5A on target range than when at 0
or 30 deg, and significantly lower 34 of target
heading than of anv of the other three condi-
tions. A rotation of 80 deg also provided signifi-
cantly lower SA of target azimuth than did the
ather four conditions. Although the ANOVA for
targer altitude was not significant, there wasan

cpposite trend far the highly rotated 3D display
to provide more SA of tarzet altitude than did
ratations of 0 and 30 deg. The SWAT darta sup-
ported these findings, with significantly higher
ratings for workload in the 43- and 60-deg rota-
tions than in the 0- or 30-deg roacions or the
two-dimensional display.

A major point to be gleaned from this example
is the importance of examining the impact of 2
given design across an operator's SA require-
ments. The proposed 3D display was designed to
provide pilots with better information about air-
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(c) Knowledge Of Target Azimuth

Figure 10. Siruation awareness of target range, headis

craft altitude, and it mav have done so, although
the trend was not significant. However, this
came at the expense of 5A on location, azimuth,
and heading. If a study had been performed that
merely examined subjects’ knowledes of sircralt
altitude, this important information would have
been lost. The SAGAT dara also provided impar-
tant diagnostic information thay was useful in
understanding the exact effect the design con-
cept had on pilot SA in order to make future
iterations.

IMPLEMENTATION RECOMMENDATIONS

Several recommendations for SAGAT admin-
istration can be made based on previous experi-
ence in using the procedure,
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Training

An-explanation of the SAGAT procedures and
detailed instructions for answering each query
should be provided 1o subjects before testing.
Scveral training trials should be conducted in
which the simulator is haled frequentdy 1o al-
low subjects ample opportumnity to practice re-
sponding 1o the SAGAT queries, Usually three 1o
five samplings are adequate for a subject 10 be-
come comfgriable with the procedure and 1o
clear up any uncartainries in how to answer the
queries.
Test Desipr

SAGAT requires no special test consider.
ations. The same principles of experimental
desion and adminisiration apply to SAGAT as 1o
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any other dependent measure. Measures of sub-
ject performance and workload may becollected
concurrently with SAGAT, as no ill effect fram
the insertion of breaks has been shown. To be
cautious, however, if performance measures are
to be collected simultaneously with SAGAT
data, half of the trials should be conducted with-
out any breaks for SAGAT in arder to provide a
check for this contingency,

Procedures

Subjects should be instructed to attend to
their tasks as they normally would, with the
SAGAT queries considered as secandary. No dis-
plays or other visual aids should be visible while
subjects are answering the queries. If subjects
do not know or are uncertain about the answer
10 a given query, they should be encouraged 10
make their best guess. There is no penalty for
guessing, allowing for consideration of the de
fault values, or other wisdom gained from expe-
tience that subjects normallv use in decision
making. If subjects do not feel comfortable
enough to make a guess, thev mav go on to the
next guestion. Talking or sharing of information
among subjects should not be permitted. If mul-
tiple subjects are involved in the same simula-
tion, all subjects should be queried simulta-
neously and the simulation resumed for all
subjects at the same time.

Which Queries 1o Use

Random selection. As it may be impossible 1o
query subjects abourt all of their SA require-
ments o & given stop because of time con-
straints, a portion of the SA queries may be ran-
domly selected and asked each time. A random
sampling provides consistency and statistical
validity, thus allowing $A scores 10 be easily
tompared across trials, subjects,
ECenarios.

s¥siems, and

Because of attentional narmowing or lack of
information. certain questions May seern unim-
portant 1o a subject at the time of 2 given stop. It
is impeortant to stress thar subjects should ai-
tempt to answer 21l queries anvway. This is be-
causz (a) even though they think it unimportant,
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the information may have at least secondary im-
portance; (b) they may not be aware of informa.
tion that makes a question very important (e.g.,
the location of a pop-up aircraft); and (c) lEunly
questions of the highest priority were asked,
subjects might be inadvertently provided with
artificial cues about the situadion that will di.
rect their attention when the simulation is re.
sumed. Therefore, a random selection from a
constant set of queries is recommended ag
each stap.

Experimenter controlled. In certain tests it may
be desirable to have some queries omitted he-
cause af limitations of the simulation or char-
acteristics of the scenartos, For instance, if the
simulation does not incorporate aircraft mal-
functions, the query related to this issue may be
omitted. In addition. with parucular test de.
signs it may be desirable to énsure that certain
queries are presented every time, When this oc-
curs, subjects should also be queried on a ran-
dom sampling from all SA requirsments and not
only on those related to a specific area of interest
to the evaluation being conducted, This is be.
cause of the ability of subjects 1o shift arention
to the information on which they know they will
be tested. What may appear to be an improve
ment in 5A in one area may be merely a shift of
attention from another area. When the SAGAT
quertes coverall of the 5A requirements; no such
artifictal cuing can occur,

When to Collect SAGAT Data

It is recommended that the timing of each
freeze for SAGAT administration be randamly
determined and unpredictable so that subjects
cannot prepare for gueries in advance. If the
freeze occurrence is covertly associated with the
occurrence of specific events, or at specific rimes
across trials, prior studies have shown thar the
subjects will be able to figure this out (Endsley,
1988), allowing them to prepare for gqueries ar
actually improve SA through the artificiality of
the freeze cues, An informal rule has been to en-
sure that no freezes eecur earlier than 3 min into
2 trial to allow subjects to build up a picture of
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the situation and that no two freezes occur
within 1 min of each other.

The result of this approach is that the activi-
ties occurring at the time of the stops will be
randomly selected. Some stops may oecur dur-
ing very important activities that are of interest
to the experimenter, others when no critical ac-
tivities: are occurring. This gives a good sam-
pling ol the subjects’ SA in a variety of situa-
tions, During analysis the experimenter may
want to stratify the data to take these variations
into account,

How Much SAGAT Dara o Collect

The number of trials necessary will depend on
the variability present in the dependent vari-
ables being collected and the number of doa
samples taken during a trial. This will vary with
different subjects and designs, but between 30
and 60 samplings per SA query with each design
uption have previously been adequate in a
within-subjects test design.

Multiple SAGAT stops may be taken within
each trial. There is no known limit 10 the num-
ber of times the simulator can be frozen duning
a wven trial. In Experiment 3 no il effects were
found from as many as three stops during a 13-
mun teial, In general, it is recommended that a
stop: last until a ¢ertain amount of time has
elapsed, and then the trial is resumed. regard-
less of how many questions have been answered.
Stops as long as 2 min in duration were used
with no undue difficulty or effect on subseguent
performance, In Experiment |, stops as longas 3
min were shown to allow subjects access 1o 54
informatoen withour memory decay.

Dara Collection

The simulator computer should be pro-
grammed to ¢ollect objective data correspond-
ine to the queries at the time of each freeze, Con-
sidering that some gueries will pertain 10
highet-level SA requirements that may be un-
available in the computer, an expert judgmen:
af the correct answer may be made by an expe-
renced observer who is privy to all informarion,
reflecting the SA of a person with perfect knowl-
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edge. A comparison of subjects’ perceptions of
the situation (as input into SAGAT) with the ac.
tual status of each variable (as collected per the
simulator computer and expert judgment) re-
sults in an objective measure of subject SA.
Questions asked of the subject but not answered
should be considered incorrect. No evaluation
should be made of questions not asked during a
given stop.

It is recommended that answers to each query
be scored as correct or incorrect based on
whether or not it falls into-an acceptable wler-
ance band around the actual value. For example,
It may beacceptable for a subject to be 10 miles
per hour off of actual ground speed. This method
of scoring poses less difficulty than dealing with
absolure error (see Marshak et al,, 1987). A tab-
ulation of the frequency of correciness can then
be made within each test condition for each SA
element, Because data scored as correct or in-
correct are binomial, the conditions for analysis
of variance are violated. A correction factor, Y*
= arcsine(Y), can be applied 1w binomial data,
which allows analvsis of variance to be used. In
addition, a chi-square, Cochran's Q, or binomial
1 1est (depending on the test design) can be used
to evaluate the statistical significance of differ-
ences in SA between test conditions,

Limitations and Applicability for Use

SAGAT has primarily been used within the
confines of high-fidelity and medium-fidelity
pari-tasx simulations. This provides experi-
menter control over freezes and data collection
without anv danger 1o the subject or processes
involved in the domain. It may be possible to use
the technique during actual 1ask performance if
multiple operators are present to ensure safety.
For example, it might be possible to verbally
gquary one pilot in Bight while another assumes
flight control. Such an endeavor should be un-
dertaken with exrreme caution, however, and
may not be appropriate for certain domains.

A recant effort (Shechy, Davey. Fiegel, and
Guo. 1993) emploved an adapration of this tech-
nigue bv making videotapes of an ongoing
situation in 2 nuclear power plant control room.
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These tapes were then replayed ta najve subjects
with freezes for SAGAT gqueries employed. It is
not known how different the SA of subjects pas-
sively viewing a situation may be from subjects
actually engaged in task performance; however,
this approach may yield some useful darta.

Most known uses of SAGAT have involved
fighter aircraft simulations. In general, it can be
employed in any domain in which a reasonable
simulation of task performance exists and an
analysis of SA requirements has been made in
order to develop the queries. SAGAT queries
have been developed for advanced bomber air-
craft (Endsley, 1990a) and recently for en route
air traffic control (Endsley and Rodgers, 1994),
Several researchers have begun to use the tech-
nique in evaluating operator SA in nuclear con-
trol room studies (Hoeg, Torralba. and Volden,
1993; Shechy et al., 1993). The technique has
also been emploved in a simulated control task
to study adaptive automation (Carmody and
Gluckman, 1993). Several new efforss are cur-
rently under way to employ the technique in
medical decision making (E. Swirskv, personal
communication, March 1994) and helicopters
(C. Prince, personal communication, November
1993), Potentally it could also be used in studies
involving automebile driving, SUPErVISOry con-
trol of manufacturing systems. teleoperations,
and operation of other types of dynamic
Systems.

CONCLUSION

The use of SA metrics in evaluating the effi-
ciency of design concepts, training programs,
and other potential interventions is critical,
Without careful evaluation, it will be difficult o
make much progress in undersianding the fac-
tors that influence SA, hindering human facrors
and engineering fforts. Several techniques have
been reviewed here, each with several advan-
tages and disadvantagss. The use of one tech-
nigue, SAGAT, was explored extensively, and
twa studies were presented that investigated the
validity of the measure. It has to date proven a
useful and viable rechnique for measuring SA in
fUMEroUs contexts. Rigorous validity testing is
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nesded for other techniques proposed for S
measurement, Unless the veracity of these tech.
nigues is established, interpreting their resulys
will be hazardous.

In addition to establishing validity of mea-
sures of SA, more research is needed regarding
the task of SA measurement itself. For instance,
as pointed out by Pew (1991}, no criteria exist at
this time that establish the level of SA required
for successful performance. Does an operator
need to have SA that is 100%% perfect {in both
completeness and accuracy), or is some lesser
amount sufficient for good performance? This js
a complex issue. T would assert that SA can be
seen as a factor that increases the probability of
good performance but that it does not necessar-
ily guarantee it, as other factors also come into
effect (e.g.. decision making, workload, perfor-
mance exccution, svstem capabilities, and SA of
others in some cases). How much SA one needs,
therefare, becomes a matter of how much prob-
ability of error one is willing to accept. Perhaps
such eriteria should more properly, and use-
fully, be established as the level of SA needed an
cach subcomponent at different periods in time.
Some guidelines will eventually need to be spec-
ified if there is a desire to certify new svsiem
designs on the basis of SA,

Overall, the beginnings of the field of SA mea-
surement have been established, allowing re-
searchers in the area of SA to proceed from
mainly speculation and anecdotal information
to solid empirical findings. The tools for con-
ducting further basic research on the SA con-
struct and developing better system designs are
available, allowing needed research on SA ina
variety of arenas,
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